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ABSTRACT

Aerosol optical depth measurements over Bahrain acquired through the ground-based Aerosol Robotic Network
(AERONET) are analyzed. Optical depths obtained from ground-based sun/sky radiometers showed a pronounced
temporal trend, with a maximum dust aerosol loading observed during the March–July period. The aerosol
optical depth probability distribution is rather narrow with a modal value of about 0.25. The Ångström parameter
frequency distribution has two peaks. One peak around 0.7 characterizes a situation when dust aerosol is more
dominant, the second peak around 1.2 corresponds to relatively dust-free cases. The correlation between aerosol
optical depth and water vapor content in the total atmospheric column is strong (correlation coefficient of 0.82)
when dust aerosol is almost absent (Ångström parameter is greater than 0.7), suggesting possible hygroscopic
growth of fine mode particles or source region correlation, and much weaker (correlation coefficient of 0.45)
in the presence of dust (Ångström parameter is less than 0.7). Diurnal variations of the aerosol optical depth
and precipitable water were insignificant. Ångström parameter diurnal variability (;20%–25%) is evident during
the April–May period, when dust dominated the atmospheric optical conditions. Variations in the aerosol volume
size distributions retrieved from spectral sun and sky radiance data are mainly associated with the changes in
the concentration of the coarse aerosol fraction (variation coefficient of 61%). Geometric mean radii for the fine
and coarse aerosol fractions are 0.14 mm (std dev 5 0.02) and 2.57 mm (std dev 5 0.27), respectively. The
geometric standard deviation of each fraction is 0.41 and 0.73, respectively. In dust-free conditions the single
scattering albedo (SSA) decreases with wavelength, while in the presence of dust the SSA either stays neutral
or increases slightly with wavelength. The changes in the Ångström parameter derived from a ground-based
nephelometer and a collocated sun photometer during the initial checkout period were quite similar.

1. Introduction

Remotely measured atmospheric aerosol optical pa-
rameters are important for various applications includ-
ing computations of radiative forcing and satellite re-
mote sensing. Aerosol optical depth, which may be de-
rived from measurements of attenuated direct solar ra-
diation, as well as the aerosol size distribution and single
scattering albedo (SSA), which may be derived from
combined aerosol optical depth and solar almucantar sky
radiance data, are pivotal parameters defining the aero-
sol optical state of the atmosphere (King et al. 1999;
Kaufman et al. 1997). The major advantage of these
kind of remote sensing measurements over direct in situ
aerosol sampling or laboratory analysis is their large-
scale (column-integrated quantities) and nonintrusive
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nature. Satellite-based remote sensing methods, along
with the ground-based methods, have produced prom-
ising results (Kaufman et al. 2000; Tanré et al. 2001).

Mineral dust, considered a part of the natural back-
ground aerosol, often has been neglected in anthropo-
genic climate change considerations (Andreae 1996).
Although it is not presently possible to adequately char-
acterize the influence of mineral dust on global climate,
Li et al. (1996) suggest that it could be an important
climate-forcing component over specific oceanic areas
and other regions where dust concentration is high. Dust
plays an important role in radiative processes and its
optical properties are important for various estimations
of radiative forcing (Miller and Tegen 1998).

Despite the long history of dust aerosol studies our
knowledge of dust optical properties is still far from
being sufficient (Sokolik and Toon 1999). Dust com-
position plays an important role in determining these
optical properties and a priori knowledge of the real
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FIG. 1. Map of the Persian Gulf.

variability of aerosol optical parameters over different
areas is of interest for many studies. One cannot gen-
eralize dust optical properties to a global scale despite
observations such as those of Prospero (1999) that dust
collected in the western Atlantic had similar mineral
composition to dust collected off the coast of Africa.
Sokolik and Toon (1999) have shown that aerosol ex-
tinction, single scattering albedo, and the phase function
assymetry parameter are very sensitive to the individual
minerals and their mixtures in dust composition.

Aerosol optical properties have not been well studied
in the Persian Gulf region. Characteristics of desert aero-
sols in the Persian Gulf area were derived from the
Landsat data by Otterman et al. (1982). Ground-based
or airborne data were acquired mainly in the spring or
summer of 1991 [see e.g., Hobbs and Radke (1992),
Nakajima et al. (1996)] and were focused on the smoke
from the Kuwait oil fires. The 14-month record of the
Linke turbidity factor in Bahrain (Alnaser and Awadalla
1995) was also influenced by aerosol from oil fires.

In the current study we analyze atmospheric aerosol
optical properties over Bahrain, investigate seasonal
variability of aerosol optical depth and its spectral be-
havior, establish a relationship between optical depth
and precipitable water, and present volume size distri-
bution and SSA dynamics.

2. Instrumentation, data collection, and synoptic
airmass characterization

An automatic sun and sky scanning radiometer (CI-
MEL) was established as an Aerosol Robotic Network
(AERONET) site in Bahrain (268169N, 508399E) in July
1998 (Fig. 1). The instrument deployed was a reengi-
neered CIMEL radiometer belonging to the Sensor In-
tercomparison and Merger for Biological and Interdis-
ciplinary Oceanic Studies project (McClain and Fargion
1999). The re-engineering included a number of mod-
ifications to ‘‘harden’’ the sun/sky radiometer for de-

ployments in marine environments. The instrument was
located on the grounds of the U.S. Naval Central Me-
teorology and Oceanography Facility at Bahrain, ap-
proximately 7 km from the Bahrain International Air-
port. The sun/sky radiometer was mounted on top of a
standard trailer, approximately 3.2 m above ground, with
no obstructions to the sun above 108 elevation. The
CIMEL radiometer made measurements of the direct sun
and diffuse sky radiances within the spectral range 340–
1020 nm and 440–1020 nm, respectively (Holben et al.
1998). The direct sun measurements are acquired in
eight spectral channels at 340, 380, 440, 500, 675, 870,
940, and 1020 nm (nominal wavelengths). Seven of the
eight bands are used to acquire aerosol optical depth
data. The eighth band at 940 nm is used to estimate
total precipitable water content. The bandwidths of the
ion-assisted deposition interference filters employed in
the CIMEL radiometer vary from 2–4 nm (UV chan-
nels) to 10 nm for visible and near-infrared channels.
The ratio of transmittance in the center of the band to
the transmittance in the wings is higher than 104, thus
minimizing out-of-band leakage. The silicon photodi-
ode, used as a detector, is not temperature stabilized,
but its temperature is routinely monitored and a cor-
rection is systematically applied to the 1020-nm channel
voltages as recommended by the manufacturer and ver-
ified and quantified by laboratory temperature testing.

Holben et al. (1998) and Eck et al. (1999) presented
careful assessments of the overall uncertainty in com-
puted ta due to calibration uncertainty and lack of both
surface pressure data and actual ozone column amount.
Typically, the total uncertainty in ta(l) for a field in-
strument is ;60.01 to 60.02, and is spectrally depen-
dent with the higher errors in the UV spectral range.
Schmid et al. (1999) showed that discrepancies between
aerosol optical depths measured by a CIMEL radiometer
and four other radiometers in field experimental con-
ditions were within 0.015 (rms). The details of the water
vapor content (WVC) retrieval procedure and the types
of errors involved can be found in Schmid et al. (2001).
The extracted water vapor content in the total atmo-
spheric column (in cm of precipitable water) is usually
consistent to within ;10% of radiosonde or microwave
radiometer measurements.

The sky radiance almucantar measurements are ac-
quired in four spectral channels at 440, 670, 870, and
1020 nm. For each solar zenith angle, sky radiances are
taken at 28 azimuth angles within the relative azimuth
angle range (from the sun) of 28–1808 (Holben et al.
1998). A flexible inversion algorithm for retrieval of
aerosol optical properties, developed by Dubovik and
King (2000), was used for retrieving aerosol volume
size distributions over a range of sizes from 0.05–15
mm together with spectrally dependent complex refrac-
tive index and SSAs from spectral sun and sky radiance
data. This approach is significantly different from earlier
studies in that simultaneous retrieval of the particle size
distribution and complex refractive index via fitting of
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radiances measured in the entire available angular and
spectral range was implemented. The optimized inver-
sion algorithm was built on the principles of statistical
estimation: the spectral radiances and various a priori
constraints on aerosol characteristics were considered
as multisource data that were known with predetermined
accuracy. The inversion was designed as a search for
the best fit of all input data by a theoretical model that
takes into account the different levels of accuracy of the
fitted data. An inversion strategy, details of the algo-
rithm development and the methodological aspects of
the detailed statistical optimization of the influence of
noise in the inversion procedure are discussed in depth
in Dubovik and King (2000).

The accuracy of the aerosol particle size distributions
and single scattering albedos has been studied in detail
by Dubovik et al. (2000). Retrieval errors in dV/d lnR
typically do not exceed 15%–35% (depending on aero-
sol type) for each particle radius bin within the 0.1–7-
mm range. The errors for very small particles (r ; 0.05–
0.1 mm) and very large particles (r ; 7–15 mm) may
be as large as 35%–100% (for each particle radius bin).
However, no significant shifts in the positions of mode
radii or changes in the shape of size distributions are
expected. SSAs are expected to have an uncertainty of
0.03–0.05 depending on aerosol type and loading (Du-
bovik et al. 2000).

An automatized and computerized cloud-screening
algorithm (Smirnov et al. 2000) was applied to the direct
sun measurements. Because of the fairly low cloud frac-
tion throughout the measurement period, approximately
80% of the original data remained after the application
of the complete screening procedure.

Bahrain is situated on the western side of the Persian
Gulf between Saudi Arabia and Qatar. The Persian Gulf
itself extends from the Euphrates River delta to the Strait
of Hormuz. According to the Forecaster’s Handbook
(J. Heishman 1999, personal communication) the area’s
long-term climatology has enabled the following sea-
sonal divisions to be established for the Persian Gulf:
southwest monsoon (June–September), fall transition
(October–November), northeast monsoon (December–
March), and spring transition (April–May). During the
southwest monsoon a northwesterly flow occurs at all
levels over the Arabian Peninsula bringing extremely
dry air and dust from the Iraqi deserts. During the fall
transition season, winds remain northwesterly but
speeds decrease, the frequency of occurrences of dust
storms decreases significantly, and air temperatures
drop. The northeast monsoon is characterized by a very
complex airflow pattern, which can be a combination
of land–sea breezes, outflow from the Persian Gulf, and
northeasterly flow off the Iranian coast. Dust usually is
advected from Saudi Arabia, Iraq, or southern Iran (Liu
et al. 2000). In the April–May period winds are pre-
dominantly from the north or north–northwest, and the
frequency of dust storms increases. The analyzed mea-

surement period of 1 yr was influenced by all the sea-
sonal dynamics described above.

3. Results

a. Intraannual variability of optical parameters and
water vapor content

For simplicity we will characterize atmospheric aero-
sol optical conditions by two parameters: ta(500 nm),
which is the aerosol optical depth at a wavelength of
500 nm, and the Ångström parameter a derived from a
multispectral log linear fit to the classical equation ta

; l2a (based on four wavelengths in the range 440–
870 nm). Although not all optical depth spectra are well-
represented by an Ångström fit (see, e.g., King and
Byrne 1976; Kaufman 1993; Villevalde et al. 1994; Eck
et al. 1999; O’Neill et al. 2001), the Ångström parameter
a can still be considered as a first-order indicator of
average spectral behavior. It is noted that for bimodal
size distributions and coarse-mode-dominated size dis-
tributions (both of which frequently occur in Bahrain)
the spectral curvature of lnta versus lnl is very small
(Eck et al. 1999).

Figure 2a illustrates the monthly averaged aerosol
optical depth at 500 nm for the 1-yr record (July 1998–
July 1999) in Bahrain. A total of 324 daily averages
contributed to the statistics of this figure. The monthly
mean aerosol optical depth increases by about 50% from
the June value to a peak in July and August and de-
creases back to below the June value by October. The
mean of ta(500 nm) in July 1999 is 0.49. In contrast,
the mean aerosol optical depth between the months of
October and January decreases to a minimum of about
;0.21 in December. Standard deviations generally in-
crease with the mean values of ta. Monthly averages of
the Ångström parameter a for the whole period of ob-
servations are shown in Fig. 2b. The notable decrease
of the Ångström parameter a (Fig. 2b) during the
March–July 1999 period is associated with the presence
of dust in the aerosol loading. The mean monthly values
of the Ångström parameter show a general trend char-
acterized by a November–December maximum and a
late spring and early summer minimum. The mean
monthly values of a vary within the 0.4–1.3 range.
Mean monthly values of the WVC are, generally, around
2 cm of precipitable water except for the months of July
through September 1998 when they stay above 3 cm
(Fig. 2c).

The daily average values of ta(500 nm) for the mea-
surement period do show very large day-to-day varia-
tions (Fig. 3a). The annual pattern with an increase to
maximal turbidity in the April–September period is ap-
parent. These observations indicate that the optical
depth at 500 nm very rarely exceeds 0.7. The October–
January minimum is also in evidence and daily average
ta(500 nm) drops below 0.1 on a few occasions in this
period. High daily average values of the Ångström pa-
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FIG. 2. Mean monthly values of (a) aerosol optical depth at the
500-nm wavelength, (b) Ångström parameter, and (c) water vapor
content (the bars indicate 61 std dev).

FIG. 3. Mean daily values of (a) aerosol optical depth at the 500-
nm wavelength, (b) Ångström parameter, and (c) water vapor content
for the whole period of measurements.
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FIG. 4. Frequency of occurrences of (a) aerosol optical depth, (b)
Ångström parameter, and (c) water vapor content.

rameter a from August 1998 to February 1999 reflect
the presence of a significant fraction of fine particles in
the aerosol size distribution. The origin of this aerosol
is, most likely, local or regional anthropogenic pollut-
ants. Dusty conditions prevailed starting in March and
a remained below unity until the end of the analyzed
period. The daily average values of the total precipitable
water amount (or WVC in cm; Fig. 3c), show higher
values of 2–5 cm in the summertime, while in October–
May values are less than 3 cm. This is consistent with
the general synoptic pattern for the region.

Frequency histograms of ta, a, and WVC are shown
in Figs. 4a–c for the daily averaged data. The aerosol
optical depth probability distribution is rather narrow
with a modal value of about 0.25. The probability dis-
tribution of a is relatively broader with two modal val-
ues of about 0.7 and 1.1–1.3. The frequency histogram
of WVC shows a maximum at 1.75 cm.

Histograms of the ta, a, and WVC values categorized
by season are presented in Figure 5. For the June–Sep-
tember season we combined the data from July–Sep-
tember 1998 and June–July 1999. The October–Novem-
ber season has the narrowest ta probability distribution
with a modal value of 0.25. The distribution in the De-
cember–March season is wider and the maximum is
spread around ta ; 0.20. The rest of the year can be
characterized by a significant increase in the ta modal
value (0.35), which we ascribe to the presence of dust
aerosol. A parallel set of graphs of the Ångström pa-
rameter displays an obvious seasonal trend. In October–
November the a distribution is narrow and peaks around
a ; 1.5. In the April–May season dusty conditions pre-
vail and the maximum of the distribution shifts toward
smaller a near 0.7. The broad June–September and De-
cember–March distributions characterize complex con-
ditions, when dust is also present; however, nondust
conditions occur relatively more often. The total col-
umn-integrated water vapor amounts also show signif-
icant seasonal variability. The distribution is wider in
June–September, while the October–November and
April–May distributions have similar narrower forms
(modal value of WVC ; 2.25 cm).

The scattergram of daily averages of aerosol optical
depth versus Ångström parameter is shown in Fig. 6a.
This optical representation often allows one to define
physically interpretable cluster regions for different
types of aerosols. Although no obvious cluster discrim-
ination is evident in Fig. 6a, one feature is worth noting:
a wide range of a at moderate to low aerosol optical
depths (,0.6). The relationship between daily averages
of WVC and aerosol optical depth at 500 nm (Fig. 6b)
shows notable correlation (correlation coefficient of
0.61). This result is evident in the annual variability
trends of ta and WVC of Figs. 3a and 3c. For the whole
dataset a linear fit explained 37% of the variance:

t (500 nm) 5 0.101WVC 1 0.095,a

where WVC is the water vapor content in the total at-
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FIG. 6. Scattergrams of (a) Ångström parameter vs aerosol optical
depth, (b) aerosol optical depth vs water vapor content, and (c) Ång-
ström parameter vs water vapor content. The two types of symbols
in (b) correspond to a partitioning of points into dusty (gridded
squares) and dust-free (solid circles) classes.

mospheric column (in cm of precipitable water). If we
divide our dataset into dusty (a , 0.7, gridded squares
in Fig. 6b) and dust-free classes (a . 0.7, solid circles
in Fig. 6b), then the correlation coefficients are com-
puted to be of 0.45 and 0.82, respectively, and regression
relationships are found to be as follows:

0.097WVC 1 0.192, (for a , 0.7),
t (500 nm) 5a 50.115WVC 1 0.024, (for a . 0.7).

The scatterplot of a versus WVC (Fig. 6c) does not
yield any distinguishable pattern.

b. Diurnal variability of optical parameters and
water vapor content

For various applications, the diurnal variability of at-
mospheric optical parameters and precipitable water is
of great importance. Also, the hourly statistics them-
selves are of interest for atmospheric correction and
validation efforts. Using our dataset we computed the
diurnal ta(500 nm), a, and WVC variations according
to the following procedure. All individual observations
for a day are expressed as a percentage departure from
the daily mean. Computed percentages were averaged
over each hour (0300–0400 UTC, 0400–0500 UTC,
etc.) for each month and season (June–September, Oc-
tober–November, December–March, and April–May).
This sampling procedure, which is similar to one used
by Peterson et al. (1981), renders systematic diurnal
trends more evident.

The seasonal results are shown in Fig. 7 (local noon
comes at ;0830 UTC). Each hourly average consists
of at least several dozen individual observations. Di-
urnal variations of precipitable water are similar for all
the seasons and practically insignificant (plus or minus
a few percent from the daily averages). The diurnal
variation of the Ångström parameter (computed from
linear regression of 440-, 500-, 675-, and 870-nm data)
is most pronounced in the April–May season; however,
this is the dust season when a is smaller, thus a similar
Da will result in a higher percentage difference than
for high a months. A diurnal cycle of local pollutants
(fine-mode aerosols) may be responsible for this slight
increase of the Ångström parameter. Consideration of
the short wavelength (380 and 500 nm) Ångström ex-
ponents, which are more sensitive to the fine-mode aero-
sol variations (Reid et al. 1999), frequently shows a
diurnal pattern with the maximum around or after mid-
day. In the April–May season the presence of dust masks
the diurnal pattern in optical depth. In the October–
November period, local and/or regional pollutants along
with atmospheric convection played a major role in the
slight diurnal increase of the optical depth.

Certain peculiarities can be seen in Fig. 8, which
presents computed hourly statistics for each season. The
hourly statistics can be biased if the number of mea-
surements considered within averaging periods is sig-
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FIG. 7. Seasonal diurnal variability of aerosol optical depth at the wavelength 500 nm (solid circles), Ångström parameter (solid squares),
and WVC (gridded squares), computed hourly as percent departure from daily average.

nificantly different. Thus, diurnal variability (in the
sense of the hourly averages) can be different from es-
tablished percent departure from daily averages. Figure
8 shows a notable diurnal cycle for the Ångström pa-
rameter during the June–September and April–May sea-
sons. Figure 8 indicates no variability of the aerosol
optical depth. Water vapor content variation is notice-
able only in the June–September season (Fig. 8).

Figures 7 and 8 demonstrate diurnal dynamics of the
aerosol optical depth, Ångström parameter, and WVC.
This results are generally consistent with the analysis
of Kaufman et al. (2000), where data from ;70 AERO-
NET sites over 7 yr showed that late morning (1000–

1130 LST) or early afternoon (1230–1400 LST) aver-
ages represent the entire daily average values within 5%.

c. Volume size distribution and single scattering
albedo retrievals

Aerosol optical properties (aerosol volume size dis-
tributions and single scattering albedos) were retrieved
from spectral sun and sky radiance data by an iterative
algorithm (Dubovik and King 2000) with the following
initial guess: dV/d lnR 5 0.0001, n(li) 5 1.50, k(li) 5
0.005, where dV/d lnR denotes aerosol volume size dis-
tribution, and n(li) and k(li) denote real and imaginary
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FIG. 8. Seasonal hourly averages of aerosol optical depth at the 500-nm wavelength (solid circles), Ångström parameter (solid squares),
and water vapor content (gridded squares).

parts of the refractive index at a wavelength li. The
inversion algorithm produces retrievals, which corre-
spond to the effective optical properties for the total
atmospheric column. In the retrieval algorithm the aero-
sol particles are assumed to be polydisperse homoge-
neous spheres.

Dubovik et al. (2000) showed that the size distribu-
tion, in the case of nonspherical dust aerosols, can be
retrieved reasonably well when the angular range of sky
radiances is limited to scattering angles smaller than
308–408. However, in order to retrieve the SSA the sky
radiances acquired in the whole almucantar are needed
along with the direct sun measurements. Thus for non-
spherical dust aerosols, we should use the early morning
or late afternoon (scattering angle range is large) sky
radiance measurements to retrieve a single scattering

albedo and sky radiances acquired around midday (scat-
tering angle range is small) to extract aerosol size dis-
tributions (Dubovik et al. 2000).

Figures 9 and 10 illustrate seasonal and monthly av-
eraged size distributions (dV/d lnR). The dominant var-
iations in these distributions can be directly associated
with significant changes in the amplitude and spectral
dependence of the optical depth data. The fine mode
shows relative stability, while the coarse fraction chang-
es significantly. Separate averaged size distributions for
April and May have been plotted in Fig. 9 in order to
show the aerosol dynamics during this particular spring
transition season. The variation of the magnitude and
shape of the coarse aerosol fraction between March and
September is attributed to incoming dust (Fig. 10). The
fine aerosol fraction changed as well, but there were no
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FIG. 9. Seasonal aerosol volume size distributions in the total
atmospheric column.

significant changes in the magnitude and shape of size
distributions, except for the month of May. The fine
mode geometric mean radius in May was smaller. Per-
haps this is an artifact of nonsphericity in our retrieval
algorithm, which may appear when desert dust aerosol
dominates (Dubovik et al. 2000).

Table 1 presents parameters of the bimodal lognormal
volume size distributions (Whitby, 1978; Remer et al.
1999) shown in Figs. 9 and 10. For each mode the
lognormal distribution is defined as

2dV C 1 ln(R /R )y y5 exp 2 ,1 2[ ]d lnR 2 ssÏ2p

where dV/d lnR is the volume distribution, the volume
concentration Cy is the columnar volume of particles
per unit cross section of atmospheric column, R is the
particle radius, Ry is the volume geometric mean radius,
and s is the geometric standard deviation. Effective
radius is defined as a ratio of the third over the second
moment of the number size distribution. It should be
noted that we assigned particles with radii 0.05 , r ,
0.3–0.6 mm and with radii 0.3–0.6 , r , 15 mm to the
fine and coarse modes, respectively (before and after
the infliction point). Volume concentrations for each
fraction are also presented in Table 1.

Variations in aerosol volume size distributions over
Bahrain were largely due to changes in the concentration
of the coarse aerosol fraction (variation coefficient, de-
fined as std dev divided by average, of 61%). The annual
averaged particle fine and coarse mode geometric mean
radii were 0.14 (std dev 5 0.02) and 2.57 mm (std dev
5 0.27), respectively. Variation coefficients yielded val-

ues of 15% for the fine mode Ry and 24% for the fine
mode s, and 10% and 8% for the coarse mode param-
eters (Table 1).

Single scattering albedos are shown in Fig. 11. The
vertical bars indicate plus or minus one standard de-
viation. Two major features of the SSA spectral depen-
dence can be observed. When dust is not the major
contributor to the atmospheric optical state, the SSA has
a selective spectral dependence (SSA decreases with
wavelength). The values and spectral dependence of the
SSA from August until March systematically show this
type of spectral dependence. In the presence of dust the
spectral dependence of the SSA is almost neutral (in
May the SSA even increases slightly with the wave-
length) and values are higher because dust absorbs less
than the anthropogenically influenced aerosol. An in-
crease of single scattering albedo with wavelength can
be caused by the domination of coarse particle mode
(dust in our case) in the aerosol size distribution (e.g.,
Ackerman and Toon 1981) and by higher absorption in
the blue spectral band (Kaufman et al. 2001). Levin et
al. (1980) reported low absorption of the dust aerosol
in the center of the visible spectral range. For the Persian
Gulf region dust aerosols, Otterman et al. (1982) re-
ported very weak absorption within the 500–1100-nm
spectral range. Our results are consistent with this find-
ing.

d. Comparison of Ångström parameters derived from
a nephelometer and the sun photometer

The sun photometer data were compared to surface
nephelometer measurements during the initial checkout
period immediately after instrument installation. The
nephelometer was a TSI (model 3650) three wavelength
integrating nephelometer (Anderson et al. 1996). The
instrument was located inside an air-conditioned trailer
with an outside sampling tube consisting of 3 m of 5-
cm (2 in)-inside-diameter clear plastic tubing. The sam-
pling chamber was heated ;38C to minimize conden-
sation problems. The data were acquired on a portable
computer with an averaging time of 5 min. The system
collected scattering coefficients integrated over the total
sphere (78–1708) as well as over the back hemisphere
(908–1708) at blue, green, and red wavelengths (450,
550, and 700 nm). Only the total hemisphere scattering
coefficients were used in the analysis we present here.

The total scattering from the sample at three wave-
lengths was used to calculate the Ångström parameter
derived from a multispectral log linear fit. The sun pho-
tometer and nephelometer were compared over a 3-day
period from 23 July to 25 July 1998. Figure 12 shows
that the Ångström parameters computed from the sun
photometer and nephelometer were similar. This level
of agreement indicates that the aerosol size distribution
in the local sampling volume of the nephelometer and
the size distribution in the vertical column were similar
in form. During the day when optical depth measure-
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TABLE 1. Parameters of aerosol volume size distributions.

Fine mode

aCv (mm)bRy (mm)cReff s d

Coarse mode

aCy (mm)bRy (mm)cReff s d

Jun–Sep
Oct–Nov
Dec–Mar
Apr
May

0.036
0.035
0.040
0.034
0.035

0.16
0.15
0.14
0.14
0.10

0.15
0.14
0.13
0.13
0.09

0.40
0.37
0.42
0.42
0.54

0.226
0.071
0.087
0.173
0.221

2.79
2.66
2.27
2.33
2.28

2.12
2.13
1.77
1.62
1.76

0.74
0.67
0.70
0.85
0.72

Aug 1998
Sep 1998
Oct 1998
Nov 1998
Dec 1998
Jan 1999
Feb 1999
Mar 1999
Apr 1999
May 1999
Jun 1999
Jul 1999

0.042
0.037
0.037
0.040
0.037
0.046
0.043
0.040
0.034
0.035
0.027
0.036

0.18
0.16
0.15
0.15
0.15
0.16
0.14
0.11
0.14
0.10
0.14
0.15

0.17
0.15
0.15
0.14
0.14
0.14
0.13
0.10
0.13
0.09
0.11
0.13

0.30
0.30
0.34
0.36
0.40
0.43
0.34
0.35
0.42
0.54
0.59
0.53

0.164
0.147
0.078
0.067
0.055
0.058
0.092
0.165
0.173
0.221
0.199
0.373

2.98
2.61
2.78
2.70
2.70
2.52
2.39
2.02
2.33
2.28
2.72
2.79

2.28
2.04
2.20
2.16
2.11
1.84
1.78
1.65
1.62
1.76
2.02
2.12

0.73
0.70
0.69
0.67
0.70
0.79
0.77
0.64
0.85
0.72
0.77
0.74

Mean
Std dev
Var. coef.

0.038
0.005
0.130

0.14
0.02
0.15

0.13
0.02
0.17

0.41
0.10
0.24

0.149
0.091
0.609

2.57
0.27
0.10

1.97
0.22
0.11

0.73
0.06
0.08

a Cy is the volume concentration (mm3 mm22).
b Ry is the volume geometric mean radius.
c Reff is the effective radius.
d s is the geometric std dev.

ments were available, the coefficients were similar in
the range from 0.4 on 23 July to 1.1 on 25 July, sug-
gesting similar aerosol size distributions at the surface
and in the total column. At night and into next morning,
the nephelometer Ångström parameter showed a strong
increase, indicating that the relative proportion of large
particles decreased substantially during the night, while
the sun photometer a was still low the following morn-
ing. Thus on the morning of 26 July, the data suggest
that there were significantly more large particles (dust)
aloft than at the surface where fine mode aerosol dom-
inated.

4. Conclusions

The principal conclusions drawn from our work can
be summarized as follows.

1) It was found that intra-annual variability of the op-
tical properties (aerosol optical depth and Ångström
parameter) over Bahrain was significant for the time
period of this study. Seasonal and diurnal variations
of optical parameters showed that the dust aerosol
concentrations were a major contributor to optical
depth and Ångström parameter variability. The lim-
itations of the dataset size (;1 yr) preclude the es-
tablishment of definitive aerosol climatology for this
region.

2) Regression relationships between aerosol optical
depth and WVC in the total atmospheric column
have been derived for relatively dust-free conditions
as well as for dusty conditions. If another criterion

to choose between dust-free and dust-loaded con-
ditions is available (such as a threshold on a), then
these relationships, in particular for relatively dust-
free cases, can be used to predict optical depth from
values of precipitable water.

3) Optical inversions of sky radiance and optical depth
data indicate that the variations in aerosol volume
size distributions over Bahrain were largely due to
changes in the concentration of the coarse aerosol
fraction (variation coefficient of 61%).

4) The spectral variability of the single scattering al-
bedo was different during the dusty and non dusty
conditions. In the presence of dust the spectral de-
pendence of the SSA was almost neutral. When dust
was not a major component, the SSA decreased with
wavelength. This decreasing spectral trend is similar
to results obtained for urban pollution and smoke
aerosols (Dubovik et al. 2002).

5) The changes in the Ångström parameter a derived
from a ground-based nephelometer and a collocated
sun photometer were quite similar over the 23 July
and 25 July time period, when both observed a mod-
est increase. The agreement implies a degree of ver-
tical homogeneity in the aerosol distribution during
the period when the two instruments were collocated.
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FIG. 12. Comparison of Ångström parameters derived from the sun
photometer (solid circles) and nephelometer (dots) measurements.

the Office of Naval Research and Naval Research Lab-
oratory through programs PE-0602435N and PE-06-
1153 is gratefully acknowledged. The authors would
like to thank R. Fraser and R. Ferek for fruitful dis-
cussions of certain issues. The authors would also like
to acknowledge the constructive criticism of anonymous
reviewers.

REFERENCES

Ackerman, P., and O. B. Toon, 1981: Absorption of visible radiation
in atmosphere containing mixtures of absorbing and nonabsorb-
ing particles. Appl. Opt., 20, 3661–3668.

Alnaser, W. E., and N. S. Awadalla, 1995: The Linke turbidity factor
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